pain thresholds, stimulus-response functions, and spatial and temporal summation of pain can be assessed [29] .
There is limited information about the mechanical influence of pressure algometry on bony structures. The relationships between pressure-induced muscle pain and biomechanical stress and strain generated in skin, subcutaneous adipose, and muscle tissue of the lower leg while stimulation by the single-point pressure algometry on muscle sites have been investigated [8, 9, 11] . The results suggests that pressure-induced muscle pain is mainly related to strain instead of stress and most efficiently induced by larger rounded probes, whereas small flat probes were less capable of activating the nociceptors of muscle tissue [8] . A finite element (FE) model has been developed to describe the stress and strain distribution in skin, subcutis, and periosteum when the point-pressure stimulation was applied on the tibia bone site with different probe sizes [10] . It was demonstrated that the mechanical stress of periosteal tissue during the stimulation by the large probe has higher value compared to the small probe. The small diameter probe caused a larger area of the periosteal tissue being strained more intensively compared with the larger diameter probe, and hence the small probe was more adequate to evoke bone-associated pain [10] . However, no studies have so far attempted to quantify how the mechanical pressure is propagated to the surface of bony structures during the cuff stimulations used for cuff algometry. Cuff algometry has been used for clinical profiling of patients with musculoskeletal pain conditions [21] , and thus it is important to know which tissues are particularly challenged by this methodology. In line, there is a need to compare the influence of cuff algometry on the tissues at the proximity of bony structures and muscle tissues away from the hard tissues. The outcomes would be helpful to contrast the efficiency of cuff algometry for assessment of bone-associated pain compared with the standard single-point algometry.
The aims of this study were to develop a computational FE model of the lower leg based on magnetic resonance imaging (MRI) data to (1) evaluate stress and strain distribution on the surface of bony structures during cuff compression, (2) relate the pain intensity to the pattern of biomechanical stress and strain distribution on the tissues around bones, and (3) evaluate the capability of cuff algometry for stimulation of tissue around bones compared with more superficially located muscle structures.
Materials and methods

Cuff pressure algometry
Pressure stimulation was applied by a computer-controlled cuff algometer (Nocitech Aps. and Aalborg University, Denmark) inflated around the lower leg of one healthy subject. The subject did not take any medication during 24 h prior to the study and did not suffer from acute or chronic pain conditions. The study was conducted in accordance with the Declaration of Helsinki, and the human experimental data were a part of a larger study approved by the local ethics committee (N-20130029). Pain detection thresholds (PDT) and pain tolerance threshold (PTT) were recorded using the cuff algometry system. The system consists of a 6-cm-wide tourniquet cuff (VBM, Germany) that was wrapped around the right lower leg at the level of the heads of the gastrocnemius muscle. The pressure was increased by 1 kPa/s. The participant described his experience regarding the source of pain and rated the pain intensity continuously during the pressure stimulation on an electronic Visual Analogue Scale (VAS) where zero indicated no pain value and 10 cm the maximal pain intensity. The experiment for detecting the PDT and PTT values was repeated three times with a 2 -min interval in between, and the mean of pressure values was used to define three different pressure stimulation intensities: (1) mild stimulation (stimulation with 50 % of the PDT), (2) pain detection threshold stimulation (stimulation with the PDT intensity), and (3) intense painful stimulation (5 cm on the VAS).
MRI acquisition
Four magnetic resonance images (MRI) series including the condition without pressure and three different stimulated predefined conditions were performed 1 day after the assessment of PDT and PTT on the right lower leg of the subject using a 3T MRI scanner (Signa Optima 750, GE Healthcare, Milwaukee, WI, USA). The imaging protocol was based on a matrix of 512 × 512 pixels, 17 slices for each stimulation condition, 3 mm slice thickness, echo time (TE: 13.664 ms), and repetition time (TR: 660 ms), providing a clear anatomical delineation. The total scanning time was 25 min for all four conditions. The scan encompassed the 6-cm cuff width plus an additional 4.5-cm proximal and distal to the cuff, covering 15 cm of the limb in total.
Indentation map
In order to calculate the nodal displacements of the external surface of the model, a manual segmentation was performed by MATLAB (Mathworks, USA) on total of 68 MRI slices. Ninety nodes were selected on the outline boundary of the limb in each slice. The selected points were connected together, making a contour. This contour was unwrapped along the horizontal axis, and a curve was generated for each slice indicating the outline boundary as a function of phase angle (θ). This process was implemented on all MRI slices. For each of 17 slices by subtraction of the curves at stimulated conditions from non-stimulated condition, the indentation signals were extracted as a function of phase angle. An interpolation function was performed on the indentation curves along the longitudinal axis of the model. Finally the coordination of interpolated data was converted to the Cartesian system for using as a data set while applying the prescribed displacements to the FE model.
Finite element simulation
The geometry of the model was based on 17 transverse MRI slices at un-deformed condition. Four different anatomical tissues including skin, subcutaneous adipose, muscle, and bones were simulated in the FE model (Fig. 1) . 3D image data visualization and volumetric reconstruction (Fig. 1a) of each anatomical structure from MRI slices were performed by Simpleware software (Exeter, UK). The finely detailed three-dimensional mesh was created within the same program based on 853,711 tetrahedral elements and 624,836 degrees of freedom (Fig. 1b) . The meshed model was exported to the FE solver (COMSOL 4.3b Multiphysics, Sweden) software for defining the boundary conditions and material parameters.
All nodes of the soft tissues were left free, while the nodes of the bones were only fixed constraint in z direction, i.e., the bones were left free to have displacement in x and y directions. The bones were assumed to be linear elastic solids with 7300 MPa as Young's modulus and 0.3 as Poisson's ratio [3] . The mechanical behavior of the skin, subcutaneous adipose, and muscle tissue was assumed to be nonlinear, isotropic, and hyperelastic with the following strain energy density function (W s ) as nearly incompressible version of Neo-Hookean material [7, 8, 25] .
is the first invariant of the isochoricelastic right Cauchy-Green deformation tensor, J = det(F) the elastic volume ratio, F the deformation gradient tensor, F = J −1/3 · F the isochoric component of deformation gradient tensor and Tr the trace of a matrix. The bulk moduli (κ) and shear moduli (μ) of different soft tissues were adapted from a previous study [34] , whereas the material parameters of the skin were reduced by 90 % to prevent the convergence problem [8] , which did not have any effect on the stress and strain analysis of other structures. The material constants used in the FE model were 3000, 36, and 116 kPa as bulk modulus and 200, 1, and 7.44 kPa as shear modulus for the skin, subcutaneous adipose, and muscle tissue, respectively. The data sets of indentations in three conditions of stimulation were imported in COMSOL and applied incrementally with 0.5 mm step to the external surface of the model. When the intensity of prescribed displacements reached to the final values, the running was stopped.
Stress and strain extraction
Two different surfaces were defined around the bones representing the periosteum of hard tissues with 14,660 and 5167 mm 2 area for the tibia and fibula surfaces, respectively. Also, the external surface of the whole muscle tissue with 44,760 mm 2 area was selected as another database. This surface was defined as the interface between the entire tissues of different muscle groups as a unit compartment and the subcutaneous adipose layer. The muscle surface did not include the interface zone in the anterior site of the tibia bone, which is not covered by the muscle tissue and is directly subjected to the subcutaneous adipose layer. The patterns of the stress and strain distribution were extracted from FE simulations at indentations equivalent to the mild, painful, and intense painful stimulations. Moreover, the 
Results
Tissue indentation by cuff stimulation
Based on PDT and PTT data (Mean ± SD), the 9.7 ± 1.4, 19.4 ± 2.9, and 30.2 ± 3.8 kPa were used for provocation of mild-pressure sensation, pain threshold, and intense painful sensation, respectively. Table 1 shows the absolute indentation value and the location of points, which had the greatest indentation at three different stimulation intensities. The 3D map representation of indentations in cylindrical coordinate system extracted from MRI slices and applied to the FE model is indicated in Fig. 2 . A uniform pattern of indentation was not observable along the longitudinal axis (z) of the model and also phase angle (θ); however, the indentation values reached the highest magnitude in the longitudinal areas covered by the cuff from z = 45-105 mm in all three conditions. Interestingly, all the indentations were not compressive in all circumferential areas of the limb. The negative indentations toward the outside of the model happened around the tibia bone site (θ = 81°-158°), while the positive indentation toward the center of the model was observed in other circumferential areas. 
Surface stress during cuff pressure stimulations
The three-dimensional FE simulations showed that the VonMises stress on muscle surface (Fig. 3a-c) , tibia ( Fig. 3e-g ), and fibula ( Fig. 3i -k) surfaces were increased from the mild to intense painful stimulations. On muscle surface, the stress is mainly focused in the cuff position region. The areas with stress concentration were not located in the same z value for the tibia and fibula surface. The figures depict that the greatest value of stress was in correspondence with the lower parts of the cuff position area for the tibia surface. However, a similar pattern of stress concentration was not observable for the fibula surface, meaning the stress was more distributed and not concentrated in a specific point. For the muscle and bone, surfaces located under the cuff position demonstrated the highest value of mean Von-Mises stress (Fig. 4) . At mild stimulation, the mean Von-Mises stress of muscle surface was 0.61 kPa in the cuff position area while this value was increased by a factor 2.04 in the painful condition. The increasing factor from the mild to intense painful condition was 2.40. At all three stimulation intensities, the mean values of Von-Mises stress on muscle surface in the proximal and distal parts outside the cuff position reduced to 41-49 % of mean stress in the cuff area. The mean Von-Mises stress value at mild-pressure condition was 1.35, 2.87, and 1.79 kPa for the proximal, cuff position, and distal part of tibia surface, respectively. These values were increased by factors 2.03, 1.99, and 1.95 from mild to pain threshold condition. Also, the mean Von-Mises stress in these parts for intense painful stimulation was 2.37, 2.49, and 2.19 times greater than mild-pressure stimulation. The same increasing pattern was also observable for the fibula surface during the increase in the stimulation intensity. The mean Von-Mises stress was 6.11, 9.32, and Fig. 3 Three-dimensional Von-Mises stress fields extracted from FE simulation on the muscle surface at a mild, b painful, and c intense painful stimulations, on the tibia surface at e mild, f painful, and g intense painful stimulations and on fibula surface at i mild, j painful, and k intense painful stimulations. Please note that there is approximately a 20-fold difference in the color coding scale between muscle and bone stress results. The stress on muscle surface and tibia surface is more concentrated in the specific cuff region compared to the fibula surface 5 .56 kPa for the proximal, cuff position, and distal parts of the fibula surface, respectively. The factor of increase was around 2 for all of these parts from mild to pain threshold condition and 2.54, 2.59, and 2.64 from mild to the highest intensity of stimulation.
Interestingly, the tibia and fibula surfaces demonstrated greater values of mean Von-Mises stress in all three parts compared to the muscle surface. The mean Von-Mises stress in the painful condition in cuff position section of tibia and fibula surfaces was 4.57 and 14.82 times greater than the same part of the muscle surface, respectively. These factors of increase were 4.87 and 16.53 at the intense painful stimulation.
Surface strain during cuff pressure stimulations
The principal strain had an increasing pattern on the muscle surface (Fig. 5a-c) , tibia ( Fig. 5e-g ), and fibula ( Fig. 5i-k) surfaces while increasing the external pressure of stimulation. The strain on muscle surface was not concentrated in a specific area although higher values of mean strain were presented in the part of the muscle surface that was located under the cuff position. On the tibia surface, an irregular distribution of strain was visible, whereas on the fibula surface the areas with higher values of strain were not located in the cuff position section and mostly distributed outside the cuff area.
The mean principal strain at the muscle surface was generally lower outside the cuff position compared to the cuff area (Fig. 6 ). In the cuff area, the mean principal strain on the muscle surface was 0.048, 0.102, and 0.119 at mild, pain threshold, and intense painful stimulations, respectively. The mean values of principal strain in the proximal and distal parts reduced to 60-75 % of mean strain in the cuff area at all three stimulation intensities. The mean value of principal strain was almost equal in three different parts of the tibia surface (Fig. 6) . The mean principal strain on the tibia surface at mild stimulation was 0.0185, 0.0178, and 0.0191 for proximal, cuff position, and distal parts, respectively, while these values increased to 0.0385, 0.0373, and 0.0390 at pain threshold stimulation, and to 0.0526, 0.0514, and 0.0492 at intense painful stimulation. The mean strain was not equal in different parts of the fibula surface (Fig. 6) . The mean principal strain value of the fibula surface at mild stimulation was 0.0294, 0.0159, and 0.0208 in the proximal, cuff position, and distal parts, respectively. In the painful condition, these values increased by factors 2.10, 2.11, 2.06. Also at the intense painful condition they increased by 2.67, 2.62, and 2.68 times greater than mild stimulation.
The muscle surface depicted greatest value of mean strain compared to the bone surface tissues in all three parts of the limb and also at all three stimulation intensities. At painful condition, the mean principal strain of the tibia surface in the cuff area was 36.5 % of the mean strain in the same part of the muscle surface and for the fibula surface, this value was 32.9 %. Moreover, the fibula surface depicted greater values of mean strain in the proximal and distal parts compared with the tibia surface. In the painful condition, the proximal and distal parts of the fibula showed 59.5 % and 10.5 % increase compared to the same parts of the tibia surface, respectively. However, the mean strain of cuff position part of the fibula showed 9.5 % decrease compared to the same part of the tibia surface. A similar relationship was observed at mild and intense painful conditions. Fig. 4 Mean Von-Mises stress at mild, painful, and intense painful cuff stimulation (mild, painful, intense painful) evaluated based on different parts of the muscle, tibia, and fibula surfaces extracted from FE simulations Fig. 5 Three-dimensional principal strain fields extracted from FE simulation on the muscle surface at a mild, b painful, and c intense painful stimulations, on the tibia surface at e mild, f painful, and g intense painful stimulations and on fibula surface in i mild, j painful, and k intense painful stimulations. The strain distribution on all surfaces has an irregular distribution, while the muscle surface shows the highest value of strain compared to the periosteal layers Fig. 6 Mean principal strain at mild, painful, and intense painful cuff stimulation (mild, painful, intense painful) evaluated based on different parts of the muscle, tibia, and fibula surfaces extracted from FE simulations
Discussion
A three-dimensional FE model was developed to simulate the stress and strain distribution on musculoskeletal tissues during low-and high-intensity cuff stimulation of the leg. The structures investigated were the periosteum covering the surface of bony structures and on the exterior surface of the muscle tissue representing the fascia layers. The simulations showed that cuff algometry is more capable of stimulating the periosteal layers in terms of stress rather than strain compared to the muscle surface (e.g., fascia). However, the muscle surfaces experienced greater strain by the cuff stimulation compared with the periosteal tissues. These points as well as the qualitative experience of the subject describing the muscle pain origination during the cuff stimulation provide new understanding of which structures are activated when cuff algometry is used for profiling patients with musculoskeletal pain.
Three-dimensional map of skin indentation during cuff stimulations
The non-uniform pattern of skin indentation which is applied to the model was predictable because the geometrical shape of the limb is irregular (Fig. 2) . Since the cuff pressure is applied to the middle of the lower limb, the profile of skin indentation is not uniform along the z axis and peaking in the cuff position. Also, inside the cuff position, the skin indentation is not flat along the z axis and demonstrates a bell-shaped profile. Therefore, the highest value of skin indentation is observable at the center of cuff position along the longitudinal axis of the model. Moreover, the indentation profiles along the angle (θ) show that the circumferential areas around the tibia bone site are subjected to the inverse indentation toward the outside of the model; however, the compressive loading is applied to the limb. Due to the inflation of cuff between the leg and bench, an upward movement may happen in the limb during MRI. This phenomenon is not observable in the soft tissues because of the compressibility of these layers. The rigidity of bone structures and also the minimal thickness of soft tissues in the anterior site of the tibia may explain the negative indentation toward the outside of the limb in this region.
Tissue mechanics during pain evoked by cuff pressure stimulations
It has been proposed that pain originating from muscles was diffuse, whereas pain originating in fascia, tendon, or bone was well localized [23, 24] . Periosteal tissues have the highest density of sensory innervation compared to marrow or mineralized bone [26] . Cuff stimulation is normally described as provoking dull and aching pain [4] , whereas deformation of the periosteum generates an intense, sharp, and stabbing pain in quality [31] . Infusion of hypertonic saline close to the periosteum was more painful than similar infusions in muscle and subcutis tissue with respect to pain intensity [14] . It has been suggested that bone pain is caused either by stretching of nerve ending in the periosteum or by micro-fractures in the fragile bone [2] . Interestingly, the external surface of the muscle representing the fascial tissue is known to be densely innervated and highly sensitive in human and animal investigations [19, 20, 22] . It has been demonstrated increased pain in response to hypertonic saline injection directed to fascial/epimysium tissue as compared to muscle injections following eccentric exercise [12] . In addition, the pressure-evoked pain is highly dependent on mechanical excitation of nociceptors [15] . Mechanical excitation can be potentially affected by factors that have influence on the distribution of mechanical loads inside the different tissues. These factors are thickness of subcutaneous adipose [9] , portion of the limb tested [30] , calf structure [11] , site of pressure stimulation [10, 11] , and geometrical shape of the probe [8] or cuff. It has been suggested that the sensory innervating fibers of the periosteal layer are ideally located to participate in the development of bone-related pain [10] . The present study showed the efficacy of cuff pressure for strain stimulation of fascial tissue and stress stimulation of periosteal layer. The muscle surface demonstrated the highest value of mean strain and lowest value of mean stress compared to the periosteal layers. High local stress on the periosteal layer of hard tissues is supported by the theory of intensive mechanical stress field around the geometric discontinuities. The fibula is the slenderest of the long bones, and in present model its area was 35 % of the area of the tibia. The higher value of stress on the surface of fibula compared to the tibia is related to the definition of mechanical stress, which is a criterion representing the average force per unit area and obviously has an inverse relationship with the total area of the surface. The lower value of mean strain on bone surfaces was also expected because of the proximity of the periosteal layers to the hard tissues.
A previous study about the FE simulation of single-point pressure algometry indicated that the small probe caused a larger area of the periosteal tissue being strained compared to the larger probe [10] . Large probes mainly excite nociceptors of the muscle tissue, whereas smaller diameter probes seem to be more efficient to stimulate nociceptors in the periosteal layers [10] . In present study, the lower strain values of the periosteal layers compared to the muscle surface tissue may confirm that enlarging the area of external pressure stimulation cannot necessarily increase the biomechanical strain in periosteal layers compared to the superficial muscle tissue. On the other hand, it has been suggested that the mechanical sensitivity of deep-tissue nociceptors is mostly related to strain instead of stress [8] . Therefore, it can be hypothesized that cuff pressure stimulation may not be an appropriate way for activation of nociceptors in the periosteal tissues, whereas this kind of stimulation is more efficient to elicit nociceptors of the muscle tissue.
Widespread effects of cuff pressure stimulations
The stress distribution follows the bone length and peaks under the cuff position because of the compressive load that is directly applied to this part. At all three stimulation intensities, the mean stress of the tibia and fibula surfaces in the areas outside the cuff position showed 47 and 37 % decrease on average compared to the cuff position, respectively. A similar pattern is also observable for the profile of stress distribution on the muscle surface in such way that the average of mean stress decrease in distal and proximal parts was 54 %. This demonstrates the higher ability of cuff algometry in periosteal tissues compared to the fascia with respect to transferring of the biomechanical stress from the cuff position to the regions that are not directly subjected to the pressure of cuff.
Similarly, at all stimulation conditions, the mean strain distribution of the muscle surface peaks in the cuff area and decreases in the distal and proximal parts, averaging about 32 %. However, the strain distribution on the tibia and fibula surfaces does not demonstrate the same process. The strain on the tibia surface is almost evenly distributed in three different parts and showed only 3 % average increase in the distal and proximal parts compared to the cuff position. Particularly, in tibia periosteum, the strain concentration is more visible in the interface zone between the subcutaneous adipose and the bone, which is not covered by muscle tissue and contains nociceptive receptors that respond optimally to high-pressure intensity [32] . The strain of fibula periosteum is more concentrated on the proximal and distal parts outside the cuff area and showed 57 % increase on average compared to the cuff position, which may be related to the tilted position of fibula in the leg and greater value of slenderness ratio compared to the tibia resulting in more inclination to instability. Thus, it can be suggested that the widespread influences of cuff algometry in affecting the areas outside the cuff compression in terms of biomechanical strain are stronger in the periosteal tissues than in the superficial muscle tissue.
Modeling limitations
It has been shown that the mechanical parameters of soft tissues are subject-dependent and even vary with locations on a single subject [35] . For example, the elastic properties of the tissues may be changed in relation to age, sex, and possible pathologies [5] . Therefore, one of the limitations of this modeling is associated with the material constants assigned to the FE model. Moreover, the outcomes of present study were based on a single subject and may be considered as a single case study. Future studies should include more subjects to draw a general conclusion regarding the capability of cuff algometry for excitation of nociceptors of near-bone tissue.
Because of the irregular geometry of the limb and bell shape of the cuff after the inflation, the pressure distribution is not uniform along the longitudinal axis of the model and also in transverse planes. This point should be considered in future simulations of cuff efficacies using pressure as load boundary conditions. The compliance of various muscles is not equal among different muscle groups [11] . In present study, all different muscle groups and their connective tissues were considered as a unit compartment in the model. Since the main focus of this study was on the relative transfer of stress and strain from the external surface of the muscle to the periosteum, the details of mechanical interaction between the various muscles were of limited interests.
Conclusion
The results suggest that cuff algometry is less capable of challenging the nociceptors of tissues around bones in terms of strain compared to the superficial muscle tissue. This illustrates the mechanical properties of cuff stimulation and especially how it efficiently targets various structures depending on the location of bony structures, which are essential information when assessing the pain sensitivity by cuff algometry.
